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Abstract 

Even though the practical experience of using coarse unbound granular 
materials is extensive, detailed knowledge on the mechanical and hydraulic 
behavior is to a large extent lacking. Regarding influence of water on 
mechanical properties, this is even more pronounced. The main objective 
of this work was to investigate the influence of water on behavior and 
properties of coarse granular materials. The study comprises 
measurements of resilient properties, soil-water characteristic curve and 
influence of water content on dielectric properties measured by the use of 
time domain reflectometry (TDR). 

The work described herein comprised two test series in terms of materials: 
firstly, a series where the grading was changed and secondly, a series where 
the influence of increased contents of free mica was studied. To measure 
resilient response, triaxial testing, using sample size of 500 mm diameter 
and 1000 mm height, was performed mainly using constant confining 
pressures. Tests were performed at incrementally varying water contents 
up to almost full saturation. Dielectric response and matric suction of 
compacted specimens were measured in a steel box at varying water 
content. 

Results from the first series indicated that the influence of water content 
on resilient properties depends on the material grading. The coarsest 
grading, containing least fines, experienced only a small reduction when 
brought close to saturation. Specimens with an increased amount of fines 
and more even distribution responded with a substantial loss of resilient 
modulus upon increased water content. It also appeared as water content 
increased, the specimens became more dilative. From the second series, 
generally, resilient modulus decreased with increased mica content and 
furthermore, elevated water contents caused reduction in stiffness. 
However, in relative terms, the reduction in resilient modulus caused by 
water decreased with increased mica content. The soil-water characteristic 
curves are influenced by grading coefficient and mica content; retentive 
capacity increases with decreased grading coefficient and increases with 
increased amount of mica. Volumetric water content as a function of 
apparent relative permittivity was fitted using a third-degree polynomial. 
Although, determined relationships deviated from Topp's (1980) 
relationship. 

Detailed information on the work is given in five enclosed papers. 
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1. Introduction 

Contemplating the importance of and investments spent on roads and 

highways, there is an almost perpetual need for maintaining and possibly 

advancing the knowledge of granular materials, as such materials generally 

constitutes an important structural component in many civil engineering 

constructions, not the least in roads. Regarding coarse granular materials, 

i.e. materials with large maximum particle size, detailed knowledge on 

mechanical and hydraulic behavior is scarce. 

The overall direction of the doctoral project described in this thesis was to 

develop testing facilities and methods to characterize resilient properties of 

coarse unbound granular materials under varying water contents as well as 

to perform measurements of such properties on selected materials. 

Furthermore, in connection to the resilient characterization, measurements 

to determine soil-water characteristic curves and dielectric response using 

time domain reflectometry were performed. The ability to measure in-situ 

water contents in real-time and model, and possibly predict, water 

movements within the road structure is closely linked to the influence of 

water on resilient response of the unbound layers.  

The work described basically comprised two test series in terms of 

materials: firstly, a series where the grading was changed and secondly, a 

series where the influence of increased contents of free mica was studied. 

These two sample series were subjected to measurements concerning 

mechanical properties, in terms of resilient modulus, and hydraulic 

properties, in terms of soil-water characteristic curve and water content 

determinations using time domain reflectometry (TDR). The general 

measures of mechanical response were resilient modulus and strain ratio, 

measured using triaxial test equipment and constant confining pressure. 

Given the stress dependency of granular materials in addition to externally 

applied stresses, internal stresses, pore air and water pressures were also 

monitored. Detailed scopes and limitations of the individual papers are as 

follows: 
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Paper 1 investigate influence of water on resilient properties of coarse

unbound granular materials in saturated as well as unsaturated

state. This study was limited to one type of aggregate at four

different gradings with maximum particle size 90 mm.  

Paper 2 measure water content in coarse granular materials using time

domain reflectometry (TDR) and develop a relationship

between apparent relative permittivity and volumetric water

content, as well as to measure and model soil-water

characteristic curves. In this study, materials described in Paper

1 were used. 

Paper 3 investigate the influence of increasing amounts of muscovite

mica on resilient response of coarse unbound granular materials

at various water contents. Increased amount of mica was

achieved by partly replacing the material smaller than 4 mm of

the original base material with pure mica of similar grading,

thus leaving the overall particle size distribution unchanged.

The study was limited to one type of granitic base material, with

maximum particle size 63 mm, and four levels of mica contents. 

Paper 4 investigate influence of mica content on water retention

characteristics by measuring and fitting soil-water characteristic

curves as well as to measure influence of varying water and

mica contents on apparent relative permittivity using time

domain reflectometry. This study was limited to the materials

described in Paper 3. 

Paper 5 evaluate common relationships describing resilient behavior

encountered in the field of highway engineering. Triaxial testing

was performed using constant and cyclic confining pressures

following different stress paths. The study was limited to the

materials described in Paper 1. The models were statistically

compared using two different statistical techniques: the extra

sum of squares F-test and the Akaike information criterion. 
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1.1. Sources of water in pavements 

It is well known that the performance of a pavement construction is 

adversely affected by the presence of water within the construction. 

Design and constructions of the pavement is generally carried out with the 

intention of keeping the construction unsaturated. In this section, a general 

view of possible sources of water intrusion is presented. 

Water can enter a pavement in a number of ways. The source might be 

direct precipitation or through parts surrounding the pavement. Figure 1 

gives a generalized view of possible sources. 
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 Figure 1. Sources of pavement water (after Dempsey and Elzeftawy 1976). 

Casagrande and Shannon (1951) indicated two major sources of water 

from which base courses can become fully saturated: frost action and 

infiltration through the pavement. Based on theoretical analysis of crack 

width and assumption of laminar flow, they concluded that base courses 

could rapidly become saturated through surface cracks upon rainfall. 

Perhaps of equal importance for Swedish conditions is frost action. Base 

layers may experience increased water contents or even saturation during 

spring thawing, when melting ice lenses release substantial amount of 

liquid water that is prevented from immediate draining. These ice lenses 

can be formed in the base layers directly, or in the subgrade. Based on 

measurements in airfields, Casagrande and Shannon concluded that during 

the thawing period ice segregation in a subgrade might be the cause of 

saturation of an overlaying, otherwise free draining base. Eigenbrod and 

Kennepohl (1996) showed in laboratory experiments that soil samples 

without capillary contact with the water table can accumulate considerable 

amounts of water when subjected to freeze-thaw cycling, a behavior, 
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which also agreed with field measurements reported. These results are also 

supported by Hermansson (1999). Eigenbrod and Kennepohl included 

freezing and cyclic freezing-thawing, which might be crucial to severe 

accumulation of water. In general, while frozen, accumulated water 

constitutes no threat to bearing capacity. The weakening arises during 

thawing, when the ice melts and is released as fluid water, thus increasing 

the degree of saturation in the unbound layers. This problem can be 

further enhanced by the fact that the road surface and shoulders usually 

are cleared from snow and ice, thereby increasing the amount of absorbed 

solar radiation compared to the snow covered sides. While the sides and 

the subgrade remain frozen, the thawing water becomes trapped, thus 

increasing saturation and reducing bearing capacity accordingly. 

Surface infiltration can occur either through permeable surfaces or 

through cracks. Ridgeway (1976) concluded, based on field measurements, 

that cracks can be a significant source of free water for both flexible and 

rigid pavements. Hassan and White (1997) reached the same conclusion 

performing laboratory and field experiments and stated that surface 

infiltration is the primary source of water in pavements. Dempsey (1979), 

on the other hand, predicted, from regression analysis of precipitation and 

drainage outflow, considerably lower infiltration rates. Simulation of 

pavement response by e.g. Markow (1982) and Liu and Lytton (1984) 

indicated decreased pavement life and reduced pavement strength as a 

consequence of water infiltration through cracks and joints. All these 

investigations assumed surface infiltration to be, typically, the major source 

of water. 

The Asphalt Institute (1966) describes vapor moving from lower parts to a 

cold impermeable surface, where it condenses and accumulates, as a cause 

for water transport. No evidence of the importance of this mechanism is 

given, but a means of preventing evaporation by use of an asphalt 

membrane located deep in the structure is suggested. In a laboratory 

simulation of water vapor migration and condensation due to a 

temperature gradient in the sample over a water table, van Schelt et. al. 

(1994) measured practically no accumulation of water near the surface at 

normal Dutch conditions (bottom and ground water temperature 20 °C 

and surface temperature 0 °C). The conclusion drawn by van Schelt et al. 
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was that vapor transport and successive condensation can be neglected as 

a source of free water accumulation.  

Intrusion of water through ditches, slopes and ground water table is 

important to take into account while constructing the road. Recognizing 

the importance of water intrusion, design procedures usually prescribes 

measures to avoid excess water by proper drainage. 

If elevated water contents occur, an important characteristic of the 

construction and materials is draining capability. The duration of excess 

water contents in the pavement depends on hydraulic conductivity of the 

constituting materials and boundary conditions as water head and flow.  In 

this connection, constructional properties as drainage and layer thicknesses 

are also important. 

1.2. Effect of water on resilient properties 

of unbound granular materials 

Concerning the influence of water content on resilient properties of 

unbound granular materials used for road construction, testing is generally 

performed close to optimum moisture content. Testing under saturated 

conditions is uncommon. One possible reason is that the layers, where 

these materials appear, are supposed to remain unsaturated.  

Already in, 1963 Haynes and Yoder presented a study describing the 

behavior of granular materials in pavements and their susceptibility to 

water. They conducted triaxial laboratory testing on samples of material 

used in one of the AASHO road test sections. One of their specific aims 

was to investigate how the accumulative and resilient (rebound) response 

was affected by degree of saturation up to complete saturation. The 

crushed material they used could retain water corresponding to roughly 80 

% saturation. In the tested interval between approximately 60–80 % 

saturation, the resilient deformation increased about one third. They also 

performed tests on gravels, which could be fully saturated under laboratory 

conditions. At almost full saturation (about 98 %), the resilient 

deformation increased twofold compared to a saturation level of 70 %. 

Subsequent investigations have reported results essentially supporting the 

findings by Haynes and Yoder. A considerable reduction in resilient 
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modulus by increased water contents has been observed by e.g. Sweere 

(1990); Dawson et al. (1996); Hornych et al. (1998a) and Kolisoja et al. 

(2002). To examine various factors influencing resilient performance of a 

variety of granular materials, and possibly quantify them, Rada and 

Witczak (1981) compiled a large amount of previously published data and 

also performed some additional tests. Their overall conclusion in terms of 

moisture effects was that resilient modulus is reduced by increased degrees 

of saturation; at saturation, the resilient modulus was reduced to one third 

compared to the value at low water content. 

Estimation of the influence of water on resilient properties of granular 

soils can also be done from field data, either from instrumented test 

sections or by gathering measurement data from a large number of roads, 

which are analyzed statistically. On an Icelandic test road section, 

Erlingsson et al. (2000) measured a seasonal change in base layer modulus. 

From the weakest response during spring thawing, the modulus was 

almost doubled when reaching its maximum value in late summer. 

Chandra et al. (1990) concluded that effects on base modulus due to 

changes in (total) suction were too small to be detected by backcalculating 

Falling Weight Deflectometer data. Approximately the same pattern of 

minor, or no, effect was reported by Ali and Lopez (1996) and Richter and 

Schwartz (2003). However, Richter and Schwartz noted that the opposite 

reaction was the most common, that is increased modulus with increased 

moisture content. This apparent anomaly is discussed in some detail. For 

all these investigations, it should be noted that it is inherently difficult to 

unambiguously isolate the influence of granular base behavior from 

backcalculated falling weight data. In addition, the scatter of different base 

materials and gradations is considerable. 

On occasion, it is suggested that decrease in resilient modulus caused by 

increased water content can be explained by the development of excess 

pore water pressures and, if effective stress or an extension of the effective 

stress concept into unsaturated conditions is used, no reduction in resilient 

modulus is observed, e.g. Hicks (1970). Pappin et al (1992) concluded that 

the results obtained could be modeled, provided effective stresses, and an 

equivalent pore pressure for the unsaturated, state were used. To 

determine the equivalent pore pressure, Pappin et al. compared 
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unsaturated behavior with dry and saturated behavior, thus adjusting what 

they called the true effective stress. However, these pore pressure 

corrections, used in the effective stress calculations, did not appear to 

show any direct relation to the applied suction values. Thom (1988) 

noticed good predictions of volumetric and shear strains on saturated 

samples using equations derived from tests on dry samples, by substituting 

the total stress with effective stress. His conclusion was that the effective 

stress principle is valid, even though caution is advised, as this study was 

very limited and the extension to unsaturated conditions might not be 

straightforward. Raad et al. (1992) noticed a small initial reduction of 

resilient modulus for saturated compared to moist samples, when 

subjected to repeated loading. When substantial pore pressures were 

induced (approximately 70 % of the confining pressure), the modulus 

decreased (50–80 % reduction). Although the measurements were not 

analyzed in terms of effective stress, it seems that presented data, at least 

to some extent, is supportive of the effective stress principle for saturated 

samples. Tian et al. (1998) tested a coarse granular material at moisture 

above and below optimum moisture content. At elevated moisture 

content, a reduction of about 20 % was observed. This reduction was 

attributed to decrease in matric suction although no measurements of the 

actual level of matric suction were given. In this context, some points 

made by Thom (1988) is noteworthy; he discussed, based on 

measurements, the complexity of matric suction exerted in the unsaturated 

state and mentioned confounding mechanisms as cementation. 

In summary, it seems that laboratory investigations commonly report a 

substantial reduction of resilient modulus when water content is increased, 

while experience from field data is more uncertain. In some cases, effective 

stress in the saturated state and extended effective stress in the unsaturated 

state were used successfully as state variables. 

1.3. Effect of free mica particles on resilient 

properties 

Generally, an elevated fraction of free mica particles in unbound granular 

material used in road constructions is believed to adversely affect bearing 
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capacity. A brief review of previous investigations concerning influence of 

mica in granular materials, is given below. 

From field observations, elevated levels of mica have been noted to cause 

premature distress or failure of road constructions (Rengmark 1947 and 

Rogers et al 1995). In both these investigations the reduced bearing 

capacity of the failed roads were believed to depend on high water 

contents, which in turn was the effect of increased retentive capacity and 

reduced hydraulic conductivity caused by elevated amounts of free mica in 

the finer fractions. From the examples, referred to by Rogers et al., it was 

concluded that mica content of the finer fraction should be limited. 

Over the years, several laboratory studies of influence of mica on 

engineering properties of unbound materials have been published. 

Investigations reviewed in this section concern measurements on artificial 

or synthetic mixes of a base material (of certain grading) and pure mica at 

different ratios. When composing artificial mixes, muscovite mica is 

preferably used. Varying mica content (by weight) in a narrow fraction mix 

of sand and mica, Gilboy (1928) studied the effect of increased mica 

content on properties during loading and unloading, respectively. Initial 

void content and compressibility were found to increase by increased 

amount of mica in the mix. In particular, Gilboy discussed the importance 

of including mica (or flat grains) in a general characterization of soils, as 

did Terzaghi (1925). McCarthy and Leonard (1963) composed synthetic 

(artificial) mixes of nonmicaceous soils and mica at ratios ranging from 0 

% to 100 % (mass fraction) and measured dry density and compressibility. 

In their study, density decreased and compressibility increased for mass 

fraction of mica exceeding approximately 10 %. Harris et al. (1984) 

composed artificial mixtures of sand and muscovite mica where the ratios 

of mica content (mass fraction) were increased up to 50 %. They found 

linearly decreasing maximum density with increased amounts of mica and 

logarithmically decreasing initial modulus (from triaxial tests) and CBR-

values (California Bearing Ratio); the substantial loss of stability was 

reached at contents up to 10-15 % by weight; while, at higher contents, 

further losses were only small. The effect of mica and water content on a 

fairly coarse granular material (maximum particle size 16 mm) was studied 

by Höbeda and Bünsow (1974), who performed tests on artificial mixes 



 12

where mica content in the fraction passing 4 mm was increased by 

replacing the original base material with pure muscovite mica. Apart from 

decreasing density with increased mica amount, Höbeda and Bünsow 

found decreased modulus of elasticity, measured by resilient deformation 

of a circular imprint, when the amount of mica was increased. They found 

a distinct reduction of elasticity at a mica content of 2.5 % by weight, after 

which further increase of mica content yielded smaller reductions. 

Furthermore, Höbeda and Bünsow noted that, in general, the modulus 

also decreased with increased water content for all mixes evaluated, but the 

base material, containing no added mica, suffered the relatively largest 

decrease. Water sensitivity, in relative terms, decreased with increased mica 

content. However, it should be noted that absolute modulus levels were 

commonly considerably lower for the micaceous mixes. 

To summarize previous findings, generally decreased density is observed 

for samples with elevated amounts of mica. Furthermore, measured 

mechanical behavior is commonly softer if mica content is artificially 

increased. Considering the contents of mica at which this parameter 

becomes important, the investigations mentioned are not entirely 

unanimous. From Gilboy (1928), Höbeda and Bünsow (1974) and Harris 

(1984), it seems that the effect of adding mica is causing reductions in 

elastic response at contents lower than approximately 10 % mass fraction. 

On the other hand, McCarthy and Leonard (1963) observed only minor 

influence of contents below approximately 10 % by weight. For contents 

above this level, the influence became large. 

2. Experimental 

2.1. Equipment 

2.1.1. Triaxial test setup 

The comparably large specimen size of the triaxial setup used in this work 

(500 mm in diameter and 1000 mm in height) allowed for large maximum 

particle sizes, 90 and 63 mm, respectively. Another important feature of 

the instrumentation was real time measurement of water content in the 

samples. This capability was deemed necessary because of the test 
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schedule, where individual samples were to be tested at increased water 

contents. Given the height and size of the sample, it would be very 

difficult to estimate, based on limited data, equilibrium conditions in terms 

of matric suction and water distribution. In-sample measurement of water 

content is achieved by burying TDR-probes at two heights between which 

sample displacements are measured. In addition, matric suction is 

measured at the lower TDR-probe level (20 cm from the bottom). 

Confining pressures can be applied using either compressed air or silicon 

oil. Using silicon oil as confining medium allows for cyclic loading of the 

confining pressure. In the main part of the work described in this 

dissertation, constant confining pressures were used but in Paper 5 tests 

using cyclic confining pressures, are also described. 

In Figure 2, a schematic of the sample and instrumentation is shown. To 

the left, transducers inside the sample are shown and to the right, on-

sample transducers measuring axial and circumferential length changes.  

1
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Pore pressure
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Tensiometer
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In-sample instrumentation On-sample instrumentation

6
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Figure 2. Triaxial test setup. 

The three LVDT's used to measure axial deformation, within the mid 60 

cm of the sample, are attached to anchoring devices buried during 
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compaction. Circumferential measurement is provided by a strain-gaged 

extensometer attached between the ends of a roller chain, wrapped around 

the specimen at midheight. Matric suction was measured using a 

tensiometer (2100F) manufactured by Soilmoisture Equipment Corp. 

Nominal bubble pressure of the porous ceramic cup is approximately 100 

kPa. In addition, the setup included two pressure transducers to measure 

pore pressures. In the unsaturated state, these transducers measure 

induced air pressures and in the soaked/saturated state excess pore water 

pressures, hydrostatic and induced by external loading, respectively. 

During the test series using various gradings, these transducers were 

connected as shown in the left part of Figure 2; one buried at midheight 

and one attached to the top plate. When testing the samples with varying 

mica content, the midheight pressure transducer was replaced by a 

transducer connected to the bottom plate (not shown in Figure 2). The 

TDR measurements were performed using a TDR100 reflectometer 

(Campbell Scientific) and the probes were a 3-rod design with 300 mm 

length and 45 mm spacing between outer rods. 

To allow for water increase and drainage, separate tubing is connected to 

the top and bottom plate, respectively. In the end plates, water flow is 

provided through three coarse filters (diameter 80 mm) evenly distributed 

on the surface facing the sample. The general concept was to test each 

single sample at incrementally increased water contents. The samples were 

compacted and tested at an initially low water content, after which water 

was added in steps: firstly, to reach maximum retentive capacity and, 

secondly to fully soak/saturate the sample. To reach maximum retentive 

capacity under wetting, estimated amounts of water were added through 

the filters in the top plate and allowed to percolate the sample. The 

progression of water percolation was continuously monitored using the 

buried TDR-probes until equilibrium conditions were reached. Soaking, or 

saturation, was achieved by adding water through the bottom plate until 

water flowed through the top plate valve. It is not believed that complete 

saturation was reached since no particular measures to ensure full 

saturation of the sample were undertaken. After testing at maximum water 

content, the specimens were allowed to drain freely, after which they were 

tested again. This stage represents water retentive capacity when drying, 
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and the water content is in this case usually higher than for the 

corresponding wetting sequence, due to the hysteresis of the soil water 

characteristics curve. Detailed information of the tested states, in terms of 

water content, is found in Papers 1 and 3. 

2.1.2. TDR and soil-water characteristic curve 

In Figure 3, a schematic description of the steel box used in connection to 

the determination of apparent relative permittivity and matric suction at 

different water contents is given. The box was made of 10 mm steel 

ensuring rigidity to resist the heavy compaction needed to reach density 

levels typically encountered in unbound base and subbase layers. 

5001
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TDR-probe Tensiometer

 

Figure 3. Steel box used for measurements of TDR response and matric suction (side 
and top view) TDR-probe and ceramic cup are also shown to scale [mm]. 
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Matric suction, at midheight, was measured using a Soilmoisture 

Equipment Corp. 2100F tensiometer equipped with a strain-gaged 

pressure sensor. The nominal bubble pressure of the porous ceramic cup 

is approximately 100 kPa. 

The time domain measurements were performed using a reflectometer, 

TDR100, and CS605 three-rod probes (Campbell Scientific) with length 

300 mm and 45 mm between outer rods. Since the electrical field around a 

rod-type coaxial line is not entirely contained within the outer geometry of 

the rods, as is the case for a truly coaxial geometry, spatial sensitivity is an 

important factor. For TDR-probes, there is a volume-of-influence 

surrounding the probe. The extent of this volume is indeed complex. In 

this work, a practical approach was utilized together with information 

from relevant literature. The practical measures undertaken prior to this 

investigation were sensitivity tests in air and water in various containers to 

estimate the influence of box size. Furthermore, the influence of varying 

the proximity to boundaries (box wall and surface) was investigated. No 

influence could be detected, and consequently, the dimensions of the box 

used in this study were judged sufficient. Concerning findings in the 

literature, it appears as the volume-of-influence of the TDR-probes is not 

easily determined or estimated. Along the length axes of the probe, it has 

been shown, that, in most cases, sampling volume contributes to the 

measurement as a linearly weighted average (Topp et al. 1982; Ledieu et al. 

1986; Nadler et al. 1991; Feng et al. 1999). On the other hand, the lateral 

distribution of the sampling volume is more complex. In terms of rod 

spacing, Topp and Davis (1985) indicated that for a two-rod design, the 

sampling volume equals a cylinder with a diameter 1.4 times the rod 

spacing, and De Clerck (1985) stated that 94 % of the electrical energy is 

contained within a diameter twice the distance between the conductors of 

a two-rod probe. Suwansawat and Benson (1999) investigated the 

influence of probe-to-wall spacing and found that, for distances exceeding 

about 30 mm, no influence could be detected. Similar results have also 

been reported by Baker and Lascano (1989), and Petersen et al. (1995). 

When increasing the water content, water was added evenly to the sample 

surface through a sieve-like sprinkler box with holes in the bottom. The 
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rate of water addition was adjusted to avoid pooling of water. Draining of 

the sample was achieved by a hole in the bottom of the box. 

2.2. Materials 

In this work, all the gradings used for triaxial and hydraulic testing, were 

derived using the equation 

n

D

d
P ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=

max

    1 

where P is the percent smaller than d, D
max

 is the maximum particle size 

and n is the grading coefficient describing the shape of the curve (Fuller 

1905; Talbot and Richart 1923; Andreasen and Andersen 1930). As 

previously described, this investigation comprised two test series: one 

where the particle size distribution were altered by changing the grading 

coefficient and another series where the mica content was varied. 

In Figure 4a, the grading is changed using different grading coefficients for 

the same maximum particle size. The test series with varying mica content 

used the grading shown in Figure 4b. In this test series, the amount of free 

mica particles in the fraction smaller than 4 mm was changed by partly 

replacing the base material with pure muscovite mica of similar grading, 

hence keeping the overall particle size distribution unchanged. In addition 

to a reference sample with no addition of pure mica, three levels of 

replaced material were tested: 5, 10 and 15 % mass fraction, respectively, 

in the part smaller than 4 mm. 

The crushed aggregate used in both test series originated from Skärlunda 

(Östergötland, Sweden) and is characterized as a foliated medium-grained 

granite with quarts, K-feldspars and plagioclase as main constituents. 

Phyllosilicates are also present, comprising about 10 % by point counts: 

muscovite 4 %, biotite 3 % and chlorite 2.5 %. Added pure muscovite 

mica was acquired as commercially available grades in different fractions 

from Minelco AB and Mahlwerk Neubauer-Friedrich Geffers GmbH. 
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Figure 4. Particle size distributions for the two different test series. 

 

2.3. Sample preparation 

2.3.1. Triaxial samples 

Sample preparation was done manually in 10 layers using a Kango 

hammer. More in detail, batches of approximately 45 kg of granular 
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material, enough for one layer, were prepared by mixing water and the 

initially dry aggregate in a concrete mixer. A nitril rubber membrane (1.1 

mm thickness) was held inside the mold by vacuum. The compaction of 

each layer to desired height was performed using a vibrating Kango 

hammer with a static weight of approximately 50 kg and a foot diameter of 

175 mm, i.e. smaller than the sample diameter. Each layer surface was 

scarified before the next layer was added to increase particle interlock and 

bulk continuity. On layers 2 and 8 (from bottom), transducers were placed 

on the scarified surface (cf. Figure 2). Because of the fragile nature of the 

tensiometer porous cup, it was replaced by a metal dummy during 

compaction and repeated load conditioning. Anchoring arrangement for 

fitting of the three axial transducers was also embedded during 

compaction. After compaction, the sample was demolded, a second 

membrane was fitted and all transducers connected. A more detailed 

description of the compaction procedure is found in Paper 1. 

Initial properties of the tested specimens are summarized in Table 1. 

Target initial dry density level of each sample was chosen as 95 % of 

maximum dry density. Initial water contents were determined in such a 

way that the matric suction, at midheight, would be approximately 15 kPa, 

estimated from previously measured soil water characteristic curves 

relating matric suction to volumetric water content. 

Table 1. Initial properties of the triaxial samples 

 
Sample 

Water content 
[% by weight] 

Matric suction 
[kPa] 

Density ratio 
(actual/max. dens.) [%] 

n=0.8 0.5 15 103 

n=0.5 1.0 16 99 

n=0.4 1.5 13 95 

grading test 
series 

n=0.3 2.0 20 91 

mica-00 1.4 12 95 

mica-05 1.7 17 95 

mica-10 2.1 17 95 

mica content 
test series 

mica-15 2.6 16 94 
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2.3.2 TDR and soil-water characteristic curve 

The sample compaction was carried out using a vibrating hammer, Kango 

2500 (weight 50 kg, diameter 175 mm) in two layers, approximately 10 cm 

each. Firstly, the dry material was mixed to desired initial water content. 

From a total amount of approximately 45 kg, two samples of 20 kg each 

were subdivided by cone-and-quartering. The bottom layer was compacted 

to desired thickness, after which the surface was scarified. Before 

compacting the second layer, the TDR-probe and a metal dummy, 

replacing the tensiometer cup, were placed on top of the first layer. The 

material of the second layer was put into the box, burying the transducers, 

and compacted to desired height. After compaction, the tensiometer cup 

was inserted replacing the dummy, and the box was sealed with two layers 

of polystyrene. 

2.4. Triaxial tests 

2.4.1. Resilient characterization 

The mechanical behavior of granular materials is usually described in terms 

of stress state. Figure 5 shows a generalized picture of normal and shear 

stresses acting on an infinitely small cubical element. The convention of 

compression as positive, common in soil mechanics, is adopted. The terms 

σx , σy, and σz are normal stresses and positive when acting into the surface 

and τij are shear stresses acting in the j direction on a plane normal to the i 

direction. 
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Figure 5. Stresses on an element of infinitesimal dimensions. 
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For a known stress tensor, it is possible to find three orthogonal planes on 

which the shear stresses are zero and the normal stresses have their 

extreme values. This rotation is also illustrated in Figure 5. As a result, the 

tensor reduces to three principal stresses commonly termed major, 

intermediate and minor (σ1, σ2, and σ3), respectively. These principal 

stresses are invariant of coordinate system. 

In the cylindrically confined triaxial test, where only principal stresses can 

be applied and two principal stresses are equal, usually σ2 and σ3, it is 

common to use the following invariants 

3

2
31

σσ +
=p     2 

31
σσ −=q     3 

31
2σσθ +=     4 

where p is the mean normal stress, q is called deviatoric stress and θ is total 

stress. The corresponding strain invariants are defined as 

31
2εεε +=

v
    5 

( )
31

3

2
εεε −=

q
    6 

where ε
v
 is the volumetric strain, ε

q
 is the shear strain, ε

1
 is the major 

principal strain (axial) and ε
3
 is the minor principal strain (radial). 

Hveem (1955) was one of the first to recognize the importance of resilient 

properties of pavements. He investigated the influence of resiliency, or 

springiness, of supporting soils on fatigue failures. The term resilient 

deformation in repeated load triaxial testing was introduced by Seed et al. 

(1962). They observed that deflections caused by a transient load were 

quite different from those resulting from static loads. Resilient 

deformation is a measure of the recoverable part of the total deformation 

caused by a load cycle. The resilient framework commonly used for 
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characterizing granular materials in road constructions, is visualized in 

Figure 6. 
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Figure 6. Typical resilient response of granular materials as influenced by stress history. 
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After the initial cycles of large accumulation of strain, the strain becomes 

more or less resilient. In the lower part of Figure 6, the stress-strain curve 

after almost 20 000 load repetitions, is shown. In this diagram, also the 

secant between the points of original stress state to the peak stress is 

drawn. The slope of this secant is termed resilient modulus, recognizing 

the fact that the stress-strain response is essentially inelastic. 

From measurements using constant confining pressure, two resilient 

parameters were calculated: resilient modulus M
r
 and strain ratio Rε 

defined by 

11

31

εε

σσ q
M

r
=

−

=     7 

and 

1

3

ε

ε

ε
−=R     8 

where ε
3
 and ε

1
 are the resilient radial and axial strains, respectively. 

Resilient modulus and strain ratio are determined as secant values in terms 

of cycled deviator stress. The definitions of resilient modulus and strain 

ratio are similar to elastic or Young's modulus and Poisson ratio, 

respectively, which are applicable to linear elastic response. The terms 

Poisson ratio and strain ratio will be used interchangeably in following 

sections. 

In the main part of the work presented herein, two different models were 

used to relate the resilient modulus to stress level, k-θ and Uzan, 

respectively. 

The k-θ model assumes that resilient modulus can be related to the sum of 

principal stresses θ according to 

2

1

k

r
kM θ=     9 
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where k
1
 and k

2
 are regression parameters. The origin of the model dates 

back to at least 1960s (Brown and Pell 1967; Seed et al. 1967; Hicks and 

Monismith 1971). 

Uzan (1985) added a shear stress term and suggested the following 

relationship 

42

1

k

d

k

r
kM σθ=     10 

where k
1
, k

2
 and k

4
 are regression parameters and σ

d
 is the deviatoric stress 

invariant q. 

A part of the work presented in this thesis (Paper 5) also involved another 

category of resilient models. Instead of determining resilient modulus and 

strain ratio, the measured strains are decomposed in volumetric and shear 

components, which in turn are related to stress state in q-p space. For the 

analysis using the shear-volumetric approach, the following models were 

fitted and compared: 

• Boyce (1980) 

• Brown and Pappin (1981) 

• Jouve and Elhannani (1994) 

• Hornych et al. (1998b) 

• Hoff et al. (1999). 

2.4.2. Triaxial test procedures 

The main part of triaxial tests described in this thesis was performed using 

constant confining pressures. However, at the end of each test schedule of 

varying water contents, a test series was performed comprising stress paths 

where both the deviator load and the confining pressure were cycled. 

Details of the resilient test schedule, using constant and cyclic confining 

pressures, are shown in Figure 7. Each stress path was repeated for 50 

cycles as sinusoidally (haversine) oscillating loads at a frequency of 1 Hz. 

For weak samples, the most severe stress conditions were omitted. 
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Figure 7. Stress paths used in the triaxial tests (total stress). 

Regarding the constant confining pressure test schedule, Figure 7 shows 

the stress paths used in the sample series in which the gradings were 

changed. For samples containing varying mica content, the stress paths at a 

confining pressure of 10 kPa were not used, and some additions were 

made at confining stresses 70 and 100 kPa, respectively. 
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2.5. Soil-water characteristic curve 

2.5.1. General 

Water is held in porous materials by surface tension and adsorptional 

forces. Adsorption forces are retaining water on the surface of soil 

particles and surface tension is holding water in the soil structure. 

Irrespective of mechanism, the pressure of water kept in the pore structure 

is lower than atmospheric pressure or, more correctly, pore air pressure. A 

more detailed description of soil-water characteristics can be found in 

different textbooks, e.g. Fredlund and Rahardjo (1993). 

There exists a thermodynamic relationship between soil suction and the 

partial pressure of the pore-water vapor phase. Soil suction, expressed in 

this way, is commonly termed total suction, ψ, and has two components, 

matric and osmotic suction, according to 

( ) πψ +−=
wa

uu     11 

where ( )
wa

uu −  is the matric suction. u
a
 pore-air pressure, u

w
 pore-water 

pressure and π is osmotic pressure. 

The difference between matric and osmotic pressure depends on the 

reference state defined. Matric suction is proportional to the vapor 

pressure in equilibrium with soil water relative to vapor pressure above a 

solution identical to the soil water. Osmotic suction is derived from the 

vapor pressure difference between soil water and pure water. In general, 

terms, matric suction originates from capillarity and surface tension and 

osmotic pressure is caused by dissolved salts. For engineering purposes, 

osmotic pressure can in many cases be neglected. 

The relationship between water content and suction of a soil is commonly 

referred to as the soil-water characteristic curve. In this work, two of the 

many relationships describing the soil-water characteristic curve found in 

the literature are used to model experimental measurements, namely, the 

Brooks and Corey (1964), and van Genuchten (1980), model, respectively. 
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The normalized volumetric water content, Θ, is given by 

rs

r

θθ

θθ

−

−
=Θ     12 

where θ is volumetric water content and θ
s
 and θ

r
 are saturated and 

residual water contents, respectively. 

In terms of total suction, ψ, Brooks and Corey (1964) expressed the 

normalized water content as a power-law relationship 

λ

ψ

ψ

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=Θ b     13 

where ψ
b
 is air-entry value or bubble pressure and λ pore-size distribution 

index. Equation 13 is valid for suction levels exceeding the air-entry level. 

The second relationship used to mathematically express the soil-water 

characteristic curve was proposed by van Genuchten (1980). In terms of 

pressure head, h, he proposed 

( )

m

n

h
⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛

+
=Θ

α1

1
    14 

where α, n and m are fitting parameters. van Genuchten proposed relating 

n and m through 

n

m

1
1−=     15 

In the investigations described in this thesis, the measured quantity was 

matric suction, u
a
 - u

w
 , i.e. the pressure difference between the air (u

a
) and 

water phase (u
w
), and this value was used in Equations 13 and 14 instead of 

total suction or pressure head. 
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2.5.2. Correction for vertical water distribution 

Because of the strongly nonlinear relationship between matric suction and 

water content, the estimation of model parameters of the Brooks-Corey 

and van Genuchten models, respectively, included a correctional 

procedure. Close to maximum retentive capacity, the water content at the 

actual point of matric suction measurement can deviate from the 

determined quantity, average water content, which derives from known 

amounts of added water. By adding known amounts of water, the total or 

average water content is determined, but the distribution of the water 

remains unknown and since the tensiometric reading at midheight (10 cm) 

is considered a point measurement, a correction to calculate the actual 

water content at this point is required. The effect of the nonlinear 

distribution is shown in Figure 8, where moisture distribution at maximum 

retentive capability for mica-05 is shown. At this state, saturation is 

reached at the very bottom of the sample (0 cm). 
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Figure 8. Distribution of volumetric water content at retention limit for mica-05 
according to the van Genuchten model (wetting path). Point measurement by 

the tensiometer and approximate volume of measurement for the TDR-probes 
(shading) as well as the corresponding sample average are also shown. 

In general terms, acquired results are used to calculate a distribution-

adjusted soil-water characteristic curve, from which estimates of actual 

water content are deduced. A basic assumption of this procedure is that 
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Equations 13 and 14 represent adequate descriptions of the soil-water 

distribution. The procedure involves comparing determined water 

contents from added water ( Sampleθ ) and estimated sample average water 

content (
est

θ ). The estimated sample average water content can be 

expressed as 

( )∫
−

=

2

1
12

1
ψ

ψ

ψψθ
ψψ

θ d
est

   16 

where ( )ψθ  is the water content function described by either the Brooks-

Corey or the van Genuchten model, and 
1

ψ  and 
2

ψ are the matric 

suctions corresponding to the bottom and the top of the sample, 

respectively. These matric suctions are determined using the measured 

values at midheight. The model parameters are determined from a 

nonlinear regression, minimizing the sum of squared error between 

determined sample averages ( Sampleθ ) and estimated sample averages 

according to 

( )( )∑
=

−

k

i

iestSample
i

1

2

ψθθ    17 

where k is the number of observations. In Paper 2, the Brooks-Corey 

model was used to describe the soil-water characteristic curve, while in 

Paper 4, the van Genuchten model was utilized. When using the Brooks-

Corey model, the integral in Equation 16 was expressed analytically 

whereas the van Genuchten relationship was solved numerically between 

nonlinear regression iterations. 

Thus, a distribution corrected soil-water characteristic curve is determined. 

Using this characteristic curve, estimates of water contents at the points of 

tensiometric and TDR readings can be determined. TDR-probe water 

content at each matric suction is calculated using Equation 16, knowing 

the parameters of the model, and as integration limits using  the distance 

between the outer rods (as an approximate measure of volume-of-

influence). 
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In general, the deviation between determined average water content and 

estimated water content at discrete points of measurements is mainly 

affecting values close to the maximum retention capacity. At increased 

matric suction levels, the water content gradient is smaller, thus making the 

difference negligible. Furthermore, this difference is of a magnitude mainly 

worth considering for materials with a steep slope of the soil-water 

characteristic curve and on samples of relatively great depth. 

2.6. Time domain reflectometry 

Time domain reflectometry (TDR) is a versatile tool for in-situ real time 

determination of water content and is widely applied in soil- and 

geosciences, hydrology, civil engineering and agriculture. In the 1970s, 

researchers began applying TDR to determine water content of soils (e.g. 

Hoekstra and Delaney 1974; Davis and Chudobiak 1975). The principle of 

TDR is to relate the dielectric response of a soil to its water content. 

Because of the low absolute magnitude of permittivity, it is often 

expressed in relation to the permittivity of free space. This ratio is called 

relative permittivity, ε
r 

. Since there are large differences in relative 

permittivity between the constituents of a soil, the composite permittivity 

is mainly influenced by water (approximately 1 for air, 2-10 for soil 

particles and around 80 for free water, depending on frequency and 

temperature). 

In time domain, the relative permittivity can be determined from 

propagation velocity of the electromagnetic pulse. In a coaxial line, the 

velocity, v, of the electromagnetic wave is dependent on the dielectric 

material between the conductors and is given by 

2

tan11
2 δ

με
++

′

=

rr

c

v    18 

where c is the wave velocity in free space, 
r

ε ′  the real part of the relative 

permittivity, μ
r
 the relative magnetic permeability and tan δ is the ratio of 

the imaginary and real part of the permittivity. Assuming no conductive or 
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dielectric losses and the magnetic permeability equaling unity, the 

relationship becomes 

r

c

v

ε ′

=     19 

When using rods as wave-guides, the actual velocity of the wave 

propagation can be computed from the probe length, L, and measured 

time delay, Δt, between the pulse entering the probe and reflecting at the 

far end 

t

L
v

Δ
=
2

     20 

Combining Equations 19 and 20, and replacing 
r

ε ′  by ε
a
 (apparent relative 

permittivity) leads to 

2

2
⎟
⎠

⎞
⎜
⎝

⎛ Δ
=

L

tc

a
ε     21 

where c and L are constants and Δt the quantity to be measured. 

Commonly, 
r

ε ′  is replaced by ε
a
 (apparent relative permittivity) to indicate 

the assumptions and simplifications introduced at deriving the 

relationship. 

To determine the time elapsed between the pulse entering the probe and 

the reflected signal, the measured waveform is analyzed in the time 

domain. Impedance changes along the length of the coaxial will cause a 

part of the pulse to be reflected. The two impedance changes to be 

detected are the point where signal enters the rods of the probe and the far 

end of the probe as shown in Figure 9. Different methods to locate these 

points have been evaluated by e.g. Andrei et al. (1994), Klemunes et al 

(1996), Jiang and Tayabji (1999), and Wraith and Or (1999). 
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Figure 9. Typical TDR waveform obtained. 

In this work, two different trace analysis algorithms have been used: the 

method implemented in the TDR100 reflectometer and an algorithm in 

close accordance to the method described by Feng et al. (1998). 

The relationship between volumetric water content and apparent relative 

permittivity is mathematically described using empirical models. Probably 

the most well-known relationship is the third-order polynomial developed 

by Topp et al. (1980). However, in their work they did not include highly 

compacted crushed coarse granular materials intended for use in road 

construction. For this category of materials, fewer relationships are 

available in the literature. Jiang and Tayabji (1999) presented a number of 

empirical relationships specifically derived for use in seasonal monitoring 

of pavements within the SHRP Long-Term Pavement Performance 

Program. For coarse materials, a third-order polynomial was proposed. 

Another approach to describe the relationship between water content and 

permittivity is to use mixing models. The rationale behind one category of 

dielectric mixing models is to relate the average or composite permittivity 

of a multiphase mixture to the permittivities, volume fractions and 

geometrical arrangement of its constituents. Lichtenecker and Rother 
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(1931) derived a model for a mix of two materials. In a generalized form it 

can be used to express a composite relative permittivity 

∑
=

=

n

i

iic

1

αα

ενε     22 

where n is number of constituents, ν
i
 is volumetric fraction, ε

i
 is relative 

permittivity and α is a fitting parameter. For moist soil, the most basic 

approach is to use a three-phase mixture, consisting of soil particles, air 

and water, as expressed by e.g. Roth et al. (1990) 

( ) ( )[ ]αααα

εθεεθε

1

1
aswc

nn −+−+=   23 

where ε
c
 is the composite relative permittivity, ε

w
 ε

s
 ε

a
 are the permittivity 

for water, solid and air, respectively, θ   is volumetric water content, n is 

porosity, (1-n) and (n-θ ) are volume fractions of solids and air, 

respectively, and α is an average parameter related to electromagnetic wave 

and soil geometry. Beside the obvious problem of measuring individual 

permittivities of constituents, the α parameter is empirical in nature and 

has to be estimated by regression.  

3. Results 

3.1. Triaxial tests 

3.1.1. Permanent deformation during 

conditioning 

In this section, results from the initial conditioning of the triaxial samples 

are summarized. Since only one stress state was used during conditioning 

of the samples, no elaborate analysis of stress dependence can be 

performed. Measured and fitted results are summarized in Figure 10. The 

model used was presented by Hornych et al. (1993) and relates 

accumulated strain to number of applied load cycles, N, according to 
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where A and B are model parameters, ∗

p1
ε  is the permanent axial strain for 

N > 100 (normalized axial strain) according to 

( ) ( ) ( )100
111 ppp

NN εεε −=

∗    25 

where ε
1p(100) is the permanent strain accumulated after 100 cycles. 

Basically, the first 100 cycles are removed from analysis. 

In Figure 10 a, it can be observed that accumulated permanent strain 

decreases with decreased grading coefficient. For the mica sample series, 

the pattern is less consistent. The rate of strain accumulation after the 

initial 100 cycles is highest for the sample containing no added mica. 

Model parameters and accumulated strains after 100 and 20 000 load 

cycles, respectively, for the conditioned samples, are summarized in Table 

2. 

Table 2. Measured values and model coefficients from nonlinear regression 

Sample 
ε1p(100) [με] ε1p(20 000) [με] A [με] B 

n=0.8 6920 12410 11700 -0.117 

n=0.5 2560 5560 2923000 -1.90
.
10

-4
 

n=0.4 2450 5010 1714000 -2.76
.
10

-4
 

n=0.3 1980 3710 126300 -2.57
.
10

-3
 

mica-00 4040 10100 20300 -0.066 

mica-05 5050 9600 8700 -0.14 

mica-10 6120 9190 6100 -0.13 

mica-15 10760 14960 7100 -0.16 

 



 35

0

1000

2000

3000

4000

5000

6000

7000

100 1000 10000 100000

Number of cycles 

N
o
rm
. 
a
x
ia
l 
s
tr
a
in
 [
m
m
/m
]

Model

n =0.3

n =0.4

n =0.5

n =0.8

(a) 

0

1000

2000

3000

4000

5000

6000

7000

100 1000 10000 100000

Number of cycles 

N
o
rm
. 
a
x
ia
l 
s
tr
a
in
 [
μ

m
/m
]

Model

Mica-15

Mica-10

Mica-05

Mica-00

(b) 

Figure 10. Normalized permanent axial strain, measured values and fitted according to 

Equation 25 (a: different gradings, b: varying mica contents). 
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The parameters A and B can be given physical meanings in the sense that, 

given a negative value of B, A corresponds to the final level of 

accumulated strain. The absolute value of B is a measure of rate of 

stabilization. The very low B-values result in high asymptotic strains (A-

values). 

However, the reason to perform the conditioning is to reach stable 

resilient behavior, and this state is commonly reached after a few thousand 

load cycles, even though the sample is continuously accumulating 

permanent strain. 

3.1.2. Influence of grading and water content 

on resilient properties 

In this section, results from triaxial testing of gradings shown in Figure 4a 

are presented. The test schedule comprised testing at an initially low water 

content, after which water content was incrementally increased, firstly to 

maximum retentive capacity and secondly to fully soaked or saturated 

conditions. It is not believed that the samples could be fully saturated why 

this stage is designated soaked. Resilient modulus is expressed in terms of 

mean normal stress. The stresses are given as total stress. It was found that 

the maximum magnitude of internally acting stresses was comparable to 

the gradient in the vertical direction of the sample and therefore 

disregarded in the analysis at this stage. In Figure 11, resilient modulus for 

the various gradings is shown; Figure 11a shows the initial state and 11b 

the fully soaked state. 
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Figure 11. Resilient modulus for the various grading ( a: low water content state,  

b: soaked/saturated samples). 

At the initial low water content, where matric suctions were between 13 

kPa to 20 kPa, all gradings are fairly equal in terms of resilient modulus 

(Figure 11a). For higher levels of mean normal stress, grading 0.8 is the 

stiffest while grading 0.5 is the softest. On the other hand, at water content 
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corresponding to almost full saturation (Figure 11b), the different gradings 

behave differently; grading 0.8 remains almost unaffected while gradings 

0.3 and 0.4 suffer a substantial loss of resilient modulus. This decrease is 

most pronounced at higher mean normal stress levels. 

As already mentioned, the test schedule comprised several levels of water 

contents. To further illustrate the effect of water content on resilient 

behavior, results obtained using a constant confining pressure of 40 kPa 

are summarized in Figure 12 for the two extreme gradings 0.8 and 0.3, 

respectively. 

The relative decrease in modulus for grading 0.8 between the initial state 

and the fully soaked is approximately 10 to 15 %. Furthermore, after 

draining from soaked conditions the initial stiffness is essentially regained. 

For grading 0.3, on the other hand, the change is more dramatic. Although 

the matric suction is reduced from 20 kPa at w = 2 (2 % water as mass 

fraction) to 11 kPa at w = 3, no reduction of resilient modulus is observed. 

When the matric suction is further decreased to 4 kPa, as a consequence of 

adding water to the level of retentive capacity, a clear reduction in resilient 

modulus is noticed. At soaked conditions the decrease in modulus is large. 
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Figure 12. Resilient modulus at 40 kPa confining pressure (a: grading 0.8,  

b: grading 0.3) (w indicates mass fraction of water in %). 
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As indicated in Section 2.4.1., a second resilient parameter, strain ratio, was 

also determined. In Figure 13, the strain ratio at 40 kPa confining pressure 

for grading 0.3 is given as function of the ratio deviator stress to confining 

pressure. 
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Figure 13. Strain ratio for grading 0.3 measured at 40 kPa confining pressure. 

The strain ratio seems to increase with increased water content, given the 

same stress ratio. At higher stress ratios, the strain ratio exceeds 0.5, which 

indicates dilation. When comparing Figure 13 and Figure 12b, the pattern 

of differences in strain ratio between the various water stages seems to 

resemble the differences in resilient modulus. The first increase in water 

content, from 2 % to 3 % mass fraction, does not change the resilient 

behavior, while a further increase to retentive capacity has a clear effect. 

Furthermore, after draining, the initial properties are not recovered. It 

should be noted that, because of the hysteresis of the soil-water 

characteristic curve between wetting and drying ( cf. Section 3.3.), the 

water content is higher after draining compared to the state representing 

maximum retentive capacity (retention limit) during increase of water 

content. 
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3.1.3. Influence of mica content on resilient 

properties 

The scope of the second test series was to investigate the influence of 

elevated fractions of free mica particles on the resilient properties of 

coarse granular materials. In similarity to the previously described series, 

triaxial tests were performed at incrementally increased water contents, 

reaching soaked or saturated conditions. The samples were subsequently 

allowed to drain freely and tested again. Figure 14 summarize acquired 

results at the two most extreme states in terms of water: the initial low 

water content state (matric suction at midheight 12 kPa to 17 kPa) and 

fully soaked conditions. 

Visually, from Figure 14a, it appears that the resilient modulus decrease 

with increased mica content; throughout the stress range the sample 

containing no addition of mica is the stiffest, while the sample with mica 

mass fraction of 15 % is the softest one. A noteworthy observation from 

Figure 14b is that the variation of resilient modulus between the samples is 

considerably smaller at soaked conditions compared to the initial state (low 

water content). At soaked/saturated conditions, all samples reach 

approximately the same stiffness. The samples were also tested at the 

retentive limits corresponding to wetting and drying, respectively. 
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Figure 14. Resilient modulus (a: low water content state, b: soaked/saturated samples). 

In Figure 15, average modulus ratio is illustrated for each sample and water 

state. The modulus ratio is calculated by relating all measurements 

throughout the test schedule to the initial resilient modulus levels. This is 

done for all stress paths and the average over the entire mean normal 

stress range is determined. In other words, the average modulus at each 

water content is compared to the initial state level. 
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Figure 15. Average relative modulus versus mica content (relative to initial state). 

By definition, the average relative modulus at the initial state equals unity 

why this water state is not shown in Figure 15. Irrespective of mica 

content, all samples are almost unaffected by increasing the water content 

to the retentive limit. At soaked conditions, on the other hand, a clear 

reduction of the average ratio is noticed for all mica contents. However, it 

seems that the sample without added mica suffered the largest relative loss 

of resilient modulus. Furthermore, after draining the sample with 15 % 

added mica almost recovers the initial stiffness while the other samples 

remain softer.  Overall, it appears as, at drained and soaked conditions, the 

relative reduction in resilient modulus decreases with increased mica 

content. 

3.1.4. Comparison of resilient models 

As described earlier, results from the triaxial tests using constant confining 

pressure were fitted using the k-θ and Uzan models, respectively. 

However, samples from the test series comprising various gradings were 

also subjected to stress paths using cyclic confining pressure. Results from 

these measurements were analyzed using models describing shear and 

volumetric strains in terms of applied mean normal stress and deviatoric 
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stress. Figure 16 summarizes typical results of such tests using grading 0.5. 

In addition to measured results, also fitted values using the Boyce and 

Brown-Pappin models, respectively, are shown. The Boyce model 

comprises three parameters to be fitted by nonlinear regression while the 

Brown-Pappin model requires seven parameters. 

From Figure 16, the stress dependency of the shear and volumetric strain 

is clearly shown. It seems that the volumetric strain depends mainly on 

mean normal stress but is also affected by deviator stress, especially at 

higher levels. The shear strain, on the other hand, is mainly influenced by 

deviator stress but also by the mean normal stress. Although it might be 

difficult to discern, the Brown-Pappin model provides a slightly closer fit 

to measured results. This is what could be expected due to the higher 

number of fitting parameters in the Brown-Pappin model. To further 

explore the efficiency of the various models given in Section 2.4.1., a 

statistical comparison of the goodness of fit was performed using the 

Akaike information criterion (AIC
c 
). A short description of this statistical 

procedure is found in Paper 5 or in statistical textbooks, e.g. Kutner et al. 

(2005), and Burnham and Anderson (2002). The AIC
c
 is based on 

maximum likelihood and information entropy and provides an estimate of 

the relative distance between the model candidate and the true mechanism 

that generated the empirical data. By this measure, the various models can 

be compared and ranked. Given the empirical data, no single model 

performed superior to the others, but the model proposed by Hornych et 

al. acquired the highest mean ranking followed by the Boyce model. The 

Brown-Pappin model provided the closest fit, but at the cost of using the 

highest number of regression parameters. 
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Figure 16. Volumetric and shear strains from variable pressure triaxial test and model 

fit (n=0.5). 

The same sample used in the cyclic confining pressure tests was also tested 
using constant confining pressures at different levels. From acquired 
results, the resilient modulus was determined. To express the stress 
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dependent resilient modulus, the k-θ and Uzan models were used. In 
Figure 17 fitted versus measured modulus is shown for the entire data set. 
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Figure 17. Fitted versus measured values of resilient modulus and line of equality. 

Visually, in Figure 17, it seems that the Uzan model yields improved 

adherence to measured results compared to the k-θ model. The k-θ and 
Uzan models were statistically compared using the extra sum of squares F-
test. This test provides a measure of the significance of the marginal 
decrease in error sum of squares obtained by adding another parameter to 
the model. When modeling resilient modulus, the Uzan model provided a 

statistically significant improvement compared to the k-θ model for all 
gradings except 0.3. However, if a constant Poisson ratio is used, in 
combination with either of these two models, to predict shear and 
volumetric strains, the improvement gained by using the Uzan model is 
lost; no statistically significant difference is found. 

3.2. Time domain reflectometry 

The dielectric properties of the samples were measured at incrementally 
increasing water contents after reaching stable conditions in terms of 
apparent relative permittivity and matric suction. In Figure 18 the result 
from all measurements performed within each of the two test series, is 
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summarized; the test series including samples of various gradings is 
denoted Skärlunda and the series where the mica content was varied is 
denoted Mica. Also shown in Figure 18 is the regression of the combined 
data set using a third-order polynomial and corresponding prediction 
interval (95 % confidence). Prior to the regression, the determined 
volumetric water contents were adjusted according to the procedure 
outlined in Section 2.5.2. 
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Figure 18. Volumetric water content versus apparent relative permittivity for all 

samples, including third degree polynomial fit and 95 % confidence prediction 
limits. 

From Figure 18, no obvious difference between the two different test 
series can be discerned, and hence, they were combined in the regression. 
The combined third order regression model relating the volumetric water 
content to apparent relative permittivity becomes 

3624
1073.51005.60250.00586.0

aaa
εεεθ

−−

⋅+⋅−+−=  26 

The regression was constrained to reach a volumetric water content of 1 at 
an apparent permittivity of 80. 
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In Figure 19, results obtained in this work are compared to previously 
published relationships describing the water content as a function of 
permittivity. Among many relationships found in the literature, the Topp 
relationship is probably the most well known. A large part of the 
development of TDR as a tool for measurement of water content has been 
done within the agricultural science, thus most of the published 
relationships are based on finer soils with considerably higher porosities 
than those used in this study. The relationships denoted LTPP Coarse 
(Jiang and Tayabji 1999) and Baran (Baran 1994) are among those found in 
the literature, which are based on road granular materials. Furthermore, in 
Figure 19 the individual regressions of the two test series, from this work, 
are shown. 
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Figure 19. Comparison of various θ-ε
a
 relationships. 

There exists an obvious deviation between the Topp relationship, on one 
hand, and the Skärlunda, Mica and Baran relationships, on the other. The 
LTPP Coarse model is close to the Topp predictions at lower levels of 
permittivities but deviates at higher levels. 
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3.3. Soil-water characteristic curve 

Simultaneously with the TDR-determinations, the matric suction at 
midheight was also measured. Because of the nonlinear distribution of 
water content in the vertical direction of the sample, actual water contents 
at the point of measurement was adjusted according to the procedure 
described in Section 2.5.1. Average water contents were determined from 
added amounts of water; in the nonlinear fit of the model parameters, 
determined values were compared to estimated values (Equation 16). In 
Figure 20, the effect of these corrections is visualized. This figure shows 
the determined averages, the fitted estimated averages and the corrected 
soil-water characteristic curve (SWCC) for the material containing 5 % 
added mica. 
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Figure 20. Determination of the soil-water characteristic curve for mica-05. 

As seen in Figure 20, the correctional procedure mainly is of importance in 
the low suction range.  

The soil-water characteristic curves for the materials tested within the two 
sample series are summarized in Figure 21 as degree of saturation versus 
matric suction: Figure 21a shows results from the various gradings and 21b 
varying mica contents.  
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(b) 

Figure 21. Soil-water characteristic curves for the materials tested (a: effect of grading,  

b: effect of mica content). 

Figure 21a reveals the influence of grading on the water retentive 
characteristics; the finer the grading the higher degree of saturation for a 
given level of matric suction. At 1 kPa matric suction grading, 0.8 shows a 
degree of saturation of approximately 0.1, while the degree of saturation 
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for grading 0.3 is almost 0.8. If the same level of matric suction is used to 
compare the materials with varying mica content, the corresponding 
degrees of saturation would be: just below 0.4 for the material with no 
added mica and approximately 0.65 for the material containing 15 % 
artificially increased mica content. In terms of degree of saturation, mica-
05 and mica-10 are very similar. 

Each material, except grading 0.8, was also subjected to a drying sequence. 
Throughout the drying, the water content was measured using the TDR- 
probe buried at the sample midheight. The TDR estimates of water 
content were adjusted according to the previously described correctional 
procedure. Figure 22 shows the hysteretic wetting-drying envelope of the 
soil-water characteristic curves for mica-00 and mica-15. 
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Figure 22. Wetting-drying hysteresis of soil-water characteristic curve for mica-00 and 

mica-15. 

A clearly hysteretic pattern is seen for both these materials. Furthermore, it 
can be observed that, at given matric suction, the degree of saturation is 
higher during the drying sequence. For mica-15 the saturation level at 1 
kPa matric suction during wetting is 0.65, while during drying (desorption), 
the corresponding level would be slightly above 0.90.  



 52

4. Discussion and conclusions 

In this chapter, some of the measurements and results are discussed and 
conclusions drawn are summarized. Further and more detailed information 
is found in the individual papers. 

Effective stress 

In Paper 1, the results are discussed in terms of effective stresses. The 
effective stress concept emanates from Terzaghi (1924), who proposed to 
use effective stress to explain saturated soil behavior. Later on, several 
relationships extending the effective stress concept into unsaturated states 
have been proposed (e.g. Croney et al 1958; Bishop 1959). In these 
relationships, pore pressure is replaced by matric suction. From the 
discussion in Paper 1, it seems difficult to explain the resilient behavior, at 
the different water states, in terms of a single stress invariant. An 
alternative approach might be to separately consider the effect of the 
externally applied stresses and the matric suction. Besides stresses, other 
factors are conceivable. Altered frictional properties of contact points have 
previously been discussed by e.g. Hveem and Carmany (1948), and Thom 
and Brown (1987). Although not treated specifically in Paper 3, the same 
arguments apply for the test series where mica content was artificially 
altered. 

Pore pressure 

During the triaxial tests using constant confining pressure, load induced 
pore pressures (air or water), were generally small. The maximum induced 
pore pressure at soaked/saturated conditions was 3.5 kPa for all samples 
and stress paths tested. This pressure was measured applying a deviator 
stress of 275 kPa at a confining pressure of 40 kPa. In general, measured 
pore air pressures, in the unsaturated state, were well below 0.5 kPa and 
pore water pressures (soaked state) typically between 1 kPa to 2 kPa. Few 
reports on generated pore pressures during resilient testing have been 
found. Elevated pore pressures are commonly presented in studies of 
liquefaction in e.g. earthquake engineering, but also in highway 
engineering, when a large amount of traffic is simulated. These tests are 
usually performed at higher stress levels than resilient testing and for a 
large number of repeated load cycles, during which pore pressures are 
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induced and accumulated. Hicks and Monismith (1971) reported 
magnitudes of induced pore pressures of 5 % to 10 % of applied deviator 
stresses, while Van Toan (1975) noted no pore pressure generated by 
deviatoric stresses. The low levels of generated pore pressures recorded in 
this study might be explained by insufficient saturation and/or dilatancy. 

Mica content limits 

From the measurements presented in Paper 3, it seems that the question 
of allowable amounts of mica is not easily resolved. For unbound base 
layers, the Swedish design code, ATB 2004, restricts the use of materials 
containing high amount of mica in the fraction 0.125 mm to 0.25 mm 
measured as fraction of number of mica particles in relation to the total 
number of particles. Exceeding 50 % mica particles of total prohibits the 
use of the material as base layer; between 30 % and 50 % mica, restrictions 
during construction are imposed. From results acquired during this work, 
no strong indication of a certain tolerable level can be unambiguously 
established, even though the range of mica contents tested, in terms of 
particle count, covers the range specified in the Swedish regulations. In 
terms of resilient modulus, no clear inflection points of the relationships 
between average relative modulus and mica content could be found. 

Resilient modulus 

It appears that generally applicable modeling of resilient behavior is 
nontrivial, which the number of proposed models is an indication of. The 
triaxial setup used in this investigation represents a simplification, in terms 
of stresses, compared to stresses induced in a road structure by a multitude 
of moving loads. The inability of this setup to apply rotating principal 
stresses cause doubts about the applicability of triaxial tests to predict in-
situ behavior.  

TDR measurements 

As can be noted in Figure 19 and Papers 2 and 4, it seems that the θ-ε
a
 

relationships determined in this investigation deviates from the well-
known Topp relationship, which, in many cases, is considered as more or 
less generally applicable for various soils. In absolute terms, the 
discrepancy increases at higher levels of apparent relative permittivity. 
However, the relative difference remains approximately the same. Coarse 
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materials might accentuate complex effects caused by sharp dielectric 
contrasts between soil constituents or gaps between the rods and the soil 
matrix that are less significant for finer soils. The gap effect phenomenon 
has previously been studied by e.g. Annan (1977), Knight et al. (1997) and 
Sakaki et al. (1998). Concerning sharp dielectric contrasts, clear effects 
were noted by e.g. Nissen et al. (2003) and Rejiba at al. (2005). The 
presence of such sharp dielectric contrasts might cause skewing of the 
TDR-probe volume-of-influence, thus influencing the average apparent 
permittivity. It might further be speculated that for materials with a 
gradient, in terms of volumetric water content, within the TDR probe 
volume-of-influence, this skewing might influence measurements. At low 
matric suction, this might be the case for some of the materials in this 
study. It seems as dielectric behavior of moist, highly compacted granular 
soils is not yet fully understood. 

Soil-water characteristic curve 

When determining the soil-water characteristic curve, the hysteresis 
between wetting and drying is a complicating factor, accentuated by the 
fact that it is experimentally difficult to achieve spatially perfect wetting 
and drying paths. For the setup used in this study, in which water was 
added to the surface and percolated through the sample, the upper part is 
obviously exposed to high water contents during water addition. The 
upper part experiences a draining path even if the average of the entire 
sample is following a wetting path. Practical measures taken to counteract 
this complication were to use small increments of water content and 
extended time spans for water addition. 

Based on the results presented in this thesis and in enclosed papers the 
following conclusions can be drawn regarding resilient characteristics: 

• Increased water content causes reduction in resilient modulus and 
increase in strain ratio. This behavior is more pronounced as the 
grading parameter is decreased, that is the fine fraction content is 
increased. 

• A general decrease in stiffness by increased amounts of mica (in 
the fraction passing 4 mm) is noted. However, in relative terms, 
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the loss of stiffness at elevated water contents decreases with 
increased amounts of mica. 

• The Uzan model provided a statistically significant improvement to 

modeling resilient modulus compared to the k-θ model, in three 
out of four cases. However, if a constant strain ratio is used to 
predict shear and volumetric strains, this improvement is lost. 

• When modeling shear and volumetric strains from the cyclic 
confining pressure triaxial tests, no single model was most likely to 
be best performing for all the gradings tested. Although not 
statistically significant, the model proposed by Hornych et al. 
(1998b) showed the highest mean ranking. 

• When using parameters estimated from triaxial tests at constant 
confining pressure to predict behavior under cyclic confining 
pressure, the estimated results show poor agreement with 
measured results. 

 

The hydraulic measurements led to the following conclusions: 

• The relationship between matric suction and volumetric water 
content was accurately described using the Brooks-Corey and van 
Genuchten soil-water characteristic curve models. A clear 
hysteresis between wetting and drying was demonstrated. Model 
parameters were determined for all the materials. 

• Determined water contents required adjustment because of the 
nonlinear distribution of water in the vertical direction. This 
procedure mainly affects materials of low retentive capacity at 
near-zero suction. 

• The soil-water characteristic curves are influenced by grading 
coefficient and mica content; retentive capacity increases with 
decreased grading coefficient and increases with increased amount 
of mica. 
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• It seems possible to measure volumetric water contents with fair 
accuracy even in very coarse granular materials using TDR. The 
probes can sustain heavy compaction during burial without loosing 
accuracy and can be reused many times. 

• Volumetric water content as a function of apparent relative 
permittivity was successfully fitted using a third-degree polynomial. 
However, determined relationships deviated from Topp's (1980) 
relationship. 

• A difference in the determination of ε
a
 by two different TDR trace 

analysis algorithms was shown. However, this difference was 
considerably smaller than the standard error of estimate of the 

fitted θ-ε
a
 relationship, and consequently, for practical purposes, it 

is considered neglectable. 

Acknowledgements 

The work has been conducted at the division of Highway Engineering, 
Department of Civil and Architectural Engineering at the Royal Institute 
of Technology (KTH, Stockholm). Financial support was given by: 

• The Swedish National Road Administration (Vägverket) 

• Development Fund of the Swedish Construction Industry (SBUF) 

• Swedish Aggregates Producers Association (SBMI). 

The NCC quarry in Skärlunda, Norrköping provided the aggregates used 
during testing. 

References 

Ali, H.A. and Lopez, A. 1996. Statistical analysis of temperature and 
moisture effects on pavement structural properties based on seasonal 
monitoring data.  Transportation Research Record 1540: 48–55. 

Andreasen, A.H.M. and Andersen, J. 1930. Om relationen mellem 
kornsammansætning og mellemrum i produkter af løse korn med nogle 

eksperimenter.  Ingeniøren  39 (9): 99–107 



 57

Andrei, R. Raab, A.R. and Esch, D.C. 1994. Evaluation of a Time Domain 

Reflectometry Technique for Seasonal Monitoring of Soil Moisture Content Under 

Road Pavement Test Sections.  Strategic Highway Research Program, SHRP-
P-689. 

Annan, A.P. 1977. Time-domain reflectometry-Air gap problem for parallel wire 

transmission lines.  Geol. Surv. Can. Paper 77-1B: 59–62, Reports of 
Activities Part B. 

The Asphalt Institute. 1966. Drainage of asphalt pavement structures.  Manual 
series No. 15 (MS-15). 

Baker, J-M. and Lascano, J. 1989. The spatial sensitivity of time-domain 
reflectometry. Soil Science  147 (5): 378–384. 

Baran, E. 1994. Use of time domain reflectometry for monitoring moisture 
changes in crushed rock pavements.  In Symposium and Workshop on Time 

Domain Reflectometry in Environmental, Infrastructure and Mining Applications, 
349–356. Northwestern University, Evanston Illinois, September 7-9 
1994.  Special publications SP 19–94. 

Bishop, A.W. 1959. The principle of effective stress.  Teknisk Ukeblad  106 
(39): 859–863. 

Boyce, H.R. 1980. A non-linear model for the elastic behaviour of granular 
materials under repeated loading. In Microstructural Science, v 1, 285–294. 
Swansea 7-11 January. 

Brooks, R.H. and Corey, A.T. 1964. Hydraulic properties of porous media.  
Hydrology Papers  (3). Colorado State University Fort Collins. 

Brown, S.F. and Pappin, J.W. 1981. Analysis of pavements with granular 
bases.  Transportation Research Record 810: 17–23. 

Brown, S.F. and Pell, P.S. 1967. An experimental investigation of the 
stresses, strains and deflections in a layered pavement structure subjected 
to dynamic loads. In Proceedings, Second International Conference Structural 

Design of Asphalt Pavements, 487–504. Ann Arbor, USA. 



 58

Burnham KP, and Anderson DR. 2002. Model selection and multi-model 

inference: A practical information-theoretic approach. New York :Springer-
Verlag. 

Casagrande, A. and Shannon, W.L. 1951. Base course drainage for airport 
pavements.  Proceedings of the American Society of Civil Engineers 77 (75): 1–
23. 

Chandra, D. Chua, K.M. and Lytton, R.L. 1990. Effects of temperature 
and moisture on the load response of granular base course material in 
thin pavements.  Transportation Research Record 1252: 33–41. 

Croney, D. Coleman, J.D. and Black, W.P.M. 1958. Movement and 
distribution of water in soil in relation to highway design and 
performance. In Special report no. 40: 226–252. Highway Research Board. 

Davis, J.L. and Chudobiak, W.J. 1975. In situ meter for measuring relative 
permittivity of soils.  Geological Survey of Canada, Paper 75-1 Part A: 
75–79. 

Dawson, A.R. Paute, J.L. and Thom, N.H. 1996. Mechanical 
Characteristics of Unbound Granular Materials as a Function of 
Condition.  In Flexible Pavements: 35–45, ed. A. Gomes Correia. 

De Clerck, P. 1985. Mesure de l'evolution de la teneur en eau des sols par 
voie electromagnetique.  Tech Routiére  (3): 6–15. 

Dempsey, B.J. 1979. Influence of precipitation, joints and sealing on 
pavement drainage.  Transportation Research Record 705: 13–23. 

Dempsey, B.J. and Elzeftawy, A. 1976. Mathematical model for predicting 
moisture movement in pavement systems.  Transportation Research Record 
612: 48–55. 

Eigenbrod, K.D. and Kennepohl, G.J.A. 1996. Moisture Accumulation 
and Pore Water Pressures at Base of Pavements.  Transportation Research 

Record 1546: 151–161. 

Erlingsson, S. Bjarnason, G. and Thorisson, V. 2000. Seasonal variation of 
moisture and bearing capacity on Icelandic test road sections. In 



 59

Proceedings of the 5th int. symposium on unbound aggregates in roads-UNBAR 5: 
317–324, Nottingham June 2000. 

Feng, W. Lin, C.P. Deshamps, R.J. and Drnevich, V.P. 1999. Theoretical 
model of a multisection time domain reflectometry measurement system.  
Water Resources Research  35 (8): 2321–2331. 

Feng, W. Lin, C. Drnevich, V.P. and Deschamps, R.J. 1998.  Automation 

and standardization of measuring moisture content and density using time domain 

reflectometry.  FHWA/IN/JTRP-98/4. 

Fredlund, D.G. and Rahardjo, H. 1993. Soil mechanics for unsaturated soils. 
John Wiley & Sons, Inc. 

Fuller, W.B. 1905. Proportioning concrete.  In A treatise on concrete plain and 

reinforced:183–215, eds. Taylor, F.W. and Thompson, S.E. 

van Genuchten, M.Th. 1980. A closed-form equation for predicting the 
hydraulic conductivity of unsaturated soils.  Soil Sci. Soc. Am. J.  44: 892–
898. 

Gilboy, G. 1928. The compressibility of sand-mica mixtures.  Proceedings of 

the American Society of Civil Engineers  54: 555–568. 

Harris, W.G. Parker, J.C. and Zelaszny, L.W. 1984. Effect of mica content 
on engineering properties of sand.  Soil Science Society of America Journal  48 
(3): 50–505. 

Hassan, H.F. and White, T.D. 1997. Laboratory and field mositure 
conditions for flexible pavements.  Transportation Research Record 1568: 96–
105. 

Haynes, J.H. and Yoder, E.J. 1963. Effects of repeated loading on gravel 
and crushed stone base course materials used in the AASHO road test.  
Highway Research Record (39): 82–96. 

Hermansson, Å. 1999. A new simple frost model, validated and easy to 
use. In Proc. 10th International Conference on Cold Regions Engineering:199–210, 
New Hampshire 1999. 



 60

Hicks, R.G. 1970. Factors influencing the resilient properties of granular materials.  
PhD thesis, University of California, Berkeley. 

Hicks, R.G. and Monismith, C.L. 1971. Factors influencing the resilient 
properties of granular materials.  Highway Research Record (345): 15–31. 

Hoekstra, P. and Delaney, A. 1974. Dielectric properties of soils at UHF 
and microwave frequencies.  Journal of Geophysical Research 79 (11): 1699–
1708. 

Hoff, I. Nordal, S. and Nordal, R.S. 1999. Constitutive model for unbound 
granular materials based on hyperelasticity. In Proc. of an International 

Workshop on Modelling and Advanced Testing for Unbound Granular 

Materials:187–196, Lisbon 21-22 Jan 1999. 

Hornych, P. Corté, J-F. and Paute, J-L. 1993. Étude des déformations 
permanentes sous chargements répétés de trois graves non traitées.  Bull. 

liasison Labo. P. et Ch.  184: 45–55. 

Hornych, P. Hameury, O. and Paute, J-L. 1998a. Influence de l'eau sur le 
comportement mecanique des graves non traitees et des sols supports de 
chaussees.  In International Symposium on Subdrainage in Road Pavements and 

Subgrades:249–257, Granada Nov 1998. 

Hornych, P. Kazai, A. and Piau, J-M. 1998b. Study of the resilient 
behaviour of unbound granulat materials.  In Proc. BCRA'98:1277–1287, 
vol 3, Trondheim, eds.: Nordal and Refsdal. 

Hveem, F.N. 1955. Pavement deflections and fatigue failures.  Highway 

Research Board Bulletin (114): 43–86. 

Hveem, F.N. and Carmany, R.M. 1948. The factors underlying the rational 
design of pavements. In Proc of the 28th annual meeting:101–136, Highway 
Research Board Washington. 

Höbeda, P. and Bünsow, L. 1974. Inverkan av glimmer på packnings och 

bärighetsegenskaper hos berggrus.  Rapport Nr. 55, Statens Väg- och 
Trafikinstitut, Stockholm. 



 61

Jiang, Y. J. and Tayabji, S.D. 1999. Evaluation of in situ mositure content 
at long-term pavement performance seasonal monitoring program sites.  
Transportation Research Record. 1655: 118–126. 

Jouve, P. and Elhannani, M. 1994. Application des modèles non linéaires 
au calcul des chaussées souples.  Bull. liaison Labo P. et Ch. 190: 39–55. 

Klemunes Jr, J.A. Witczak, M.W. and Lopés Jr, A. 1996. Analysis of 
methods used in time domain reflectometry response.  Transportation 

Research Record 1548: 89–96. 

Knight, J.H. Ferré, P.A. Rudolph, D.L. and Kachanoski, R.G. 1997. A 
numerical analysis of the effects of coatings and gaps upon relative 
dielectric permittivity measurement with time domain reflectometry.  
Water Resources Resarch  33 (6): 1455–1460. 

Kolisoja, P. Saarenketo, T. Peltoniemi, H. and Vuorimies, N. 2002. 
Laboratory testing of suction and deformation properties of base course 
aggregates.  Transportation Research Record 1787: 83–88. 

Kutner MH, Nachtsheim CJ, Neter J, and Li W. 2005. Applied Linear 

Statistical Models. McGraw-Hill. 

Ledieu, J. De Ridder, P. De Clerck, P. and Dautrebande, S. 1986. A 
method of measuring soil moisture by time-domain reflectometry.  
Journal of Hydrology  88: 319–328. 

Lichtenecker, K. and Rother, K. 1931. Die herleitung des logaritmishen 
mischungsgesetzes aus allgemeinen prinzipen der stationären strömung.  
Physik. Zeitschr.  32: 255–260. 

Liu, S.J. and Lytton, R.L. 1984. Rainfall Infiltration, Drainage, and Load-
Carrying Capacity of Pavements.  Transportation Research Record  993: 28–
35. 

Markow, M. J. 1982. Simulating pavement performance under various 
moisture conditions.  Transportation Research Record  849: 24–29. 

McCarthy, D.F. and Leonard, R.J. 1963. Compaction and compression 
characteristics of micaceous fine sands and silts.  Highway Research Record  
(22): 23–37. 



 62

Nadler, A. Dasberg, S. and Lapid, I. 1991. Time domain reflectometry 
measurements of water content and electrical conductivity of layered soil 
columns.  Soil Sci. Soc. Am. J.  55: 938–943. 

Nissen, H. H. Ferre, T. P. A. and Moldrup, P. 2003. Sample area of two- 
and three-rod time domain reflectometry probes.  Water Resources Research  
39 (10): SBH91–SBH911. 

Pappin, J.W. Brown, S.F. and O'Reilly, M.P. 1992. Effective stress 
behavior of saturated and partially saturated granular material subjected 
to repeated loading.  Géotechnique  42 (3): 485–497. 

Petersen, L.W. Thomsen, A. Moldrup, P. Jacobsen, O.H. and Rolston, 
D.E. 1995. High-resolution time domain reflectometry: sensitivity 
dependency on probe-design.  Soil Science  159 (3): 149–155. 

Raad, L. Minassian, G.H. and Gardin, S. 1992. Characterization of 
Saturated Granular Bases Under Repeated Loads.  Transportation Research 

Record 1369: 73–82. 

Rada, G. and Witczak, M.W. 1981. Comprehensive evaluation of 
laboratory resilient moduli for granular material.  Transportation Research 

Record 810: 23–33. 

Rejiba, F. Cosenza, P. Cemerlynck, C. and Tabbagh, A. 2005. Three-
dimensional transient electromagnetic modeling for investigating the 
spatial sensitivity of time domain reflectometry measurements.  Water 

Resources Resarch  41: W09411. 

Rengmark, F. 1947. Om den mineralogiska sammansättningens betydelse 
för vägars bärighetsförhållanden.  Svenska Vägföreningens Tidskrift  34 (4): 
133–137. 

Richter, C.A. and Schwartz, C.W. 2003. Modeling stress- and moisture-induced 

variations in pavement layer moduli.  TRB 2003 Annual meeting CD-ROM. 

Ridgeway, H.H. 1976. Infiltration of water through the pavement surface.  
Transportation Research Record 616: 98–100. 



 63

Rogers, A.A., Szoke, S.I., and Gorman, R.G. 1995. Granular base failures 
in low-volume roads in Ontario, Canada. In Proc., Sixth Int. Conf. on Low-

Volume Roads:23–32, vol. 2, Transportation Research Board. 

Roth, K. Schulin, R. Flühler, H. and Attinger, W. 1990. Calibration of time 
domain reflectometry for water content measurement using a composite 
dielectric approach.  Water Resources Research  26 (10): 2267–2273. 

Sakaki, T. Sugihara, K. Adachi, T. Nishida, K. and Lin, W-R.  1998. 
Application of time domain reflectometry to determination of 
volumetric water content in rock.  Water Resources Resarch  34 (10): 2623–
2631. 

van Schelt, W. de Jong-Hänninen, M.K van der Aa, J.P.C.M. and van 
Loon. W.K.P. 1994.  Field and laboratory experiments with time domain 
reflectometry as a moisture monitoring system in road structures. In 
Symposium and Workshop on Time Domain Reflectometry in Environmental, 

Infrastructure and Mining Applications: 386-397, Northwestern University, 
Evanston Illinois, September 7-9 1994, Special publications SP 19-94. 

Seed, H.B., Chan, C.K. and Lee, C. 1962. Resilient characteristics of soils 
and their relation to fatigue failures in asphalt pavements. In Proceedings, 

International Conference Structural Design of Asphalt Pavements, Vol. 1: 611-636, 
Ann Arbor, USA. 

Seed, H.B., Mitry, F.G. Monismith, C.L. and Chan, C.K. 1967. Prediction of 

flexible pavement deflections from laboratory repeated load test.  NHCRP Rep. No. 
35, National Cooperative Highway Research Program. 

Suwansawat, S.C. and Benson, H. 1999. Cell size for water content-
dielectric constant calibrations for time-domain reflectometry.  
Geotechnical Testing Journal  22 (1): 3–12. 

Sweere, G.T.H. 1990. Unbound granular bases for roads.  PhD thesis, 
University of Delft. 

Talbot, A. and Richart, F.E. 1923. The strength of concrete. Its relation to 
the cement aggregates and water.  University of Illinois Bulletin 21 (7). 
Bulletin no 137. 



 64

Terzaghi K. 1924. Die Theorie der hydrodynamishen 
spannungserscheinungen und ihr erdbautechnishes anwendungsgebiet. 
In Proc. Int. Cong. App. Mech:288–294, Delft. 

Terzaghi, K. 1925. Zur charakteristik der bausande.  Zeitschrift des Österr. 

Ingenieu- und Architekten- Vereines  77  Heft 33/34: 292–294. 

Thom, N. 1988. Design of road foundations.  PhD thesis, Department of Civil 
Engineering, University of Nottingham. 

Thom, N.H. and Brown, S.F. 1987. Effect of moisture on the structural 
performance of a crushed-limestone road base.  Transportation Research 

Record 1121: 50–56. 

Tian, P., Zaman, M.M. and Laguros, J.G. 1998. Variation of Resilient 
Modulus of Aggregate Base and Its Influence on Pavement 
Performance.  Journal of Testing and Evaluation 26 (4): 329-335. 

Topp, G.C. and Davis, J.L. 1985. Time-domain reflectometry (TDR) and 
its application to irrigation scheduling.  Advances in Irrigation  3: 107–127. 

Topp, C.G. Davis, J.L. and Annan, A.P. 1980. Electromagnetic 
Determination of Soil Water Content: Measurements in Coaxial 
Transmission Lines.  Water resources research  16 (3): 574–582. 

Topp, G.C. Davis, J.L. and Annan, A.P. 1982. Electromagnetic 
determination of soil water content using TDR:1. Application to wetting 
fronts and steep gradients.  Soil Sci. Soc. Am. J.  46: 627–678. 

Uzan, J. 1985. Characterization of Granular Material.  Transportation 

Research Record 1022: 52–59. 

Van Toan, D. 1975. Effects of basecourse saturation on flexible pavement 

performance.  PhD Thesis, Auckland University. 

Wraith, J.M. and Or, D. 1999. Temperature effects on soil bulk dielectric 
permittivity measured by time domain reflectometry: Experimental 
evidence and hypothesis development.  Water Resources Research  35 (2): 
361–369. 



 65

Enclosed papers 

 

1 Influence of water on resilient properties of coarse granular 
material 

2 Time domain reflectometry measurements and soil-water 
characteristic curves of coarse granular materials used in road 
pavements 

3 Influence of water and mica content on resilient properties of 
coarse granular materials 

4 Influence of mica content on time domain reflectometry and soil-
water characteristic curve of coarse granular materials 

5 Statistical evaluation of resilient models for characterizing coarse 
granular materials 

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


